Objective-To determine, in a preliminary cross sectional study of patients with anterior cruciate ligament (ACL) ruptured knees, which of the radiographic features-subchondral cortical plate thickness, trabecular sclerosis, and osteophytosis-appears before or in association with changes in joint space width (JSW) as a surrogate for articular cartilage thickness in patients with ruptured knees. 
Retrospective studies in post-traumatic patients with anterior cruciate ligament (ACL) rupture show radiographic changes consistent with osteoarthritis (OA) in 60-90% of such patients 10-15 years after injury. [1] [2] [3] [4] [5] [6] These patients with a tear of the cruciate ligament, isolated or combined with injuries to the collateral ligament or the menisci, show radiographic signs of OA at a younger age than patients with a meniscal tear only, 7 and a faster disease progression than those with primary OA. 4 The pathogenesis of cartilage damage and OA after joint injury is uncertain. Factors that have been suggested as having a role include chronic instability, resulting in mechanical overload, chronic low grade synovitis, and injury to the joint cartilage and subchondral bone plate in connection with the trauma. 8 Investigations with magnetic resonance imaging (MRI) have shown that there is an 85% chance that the ACL ruptures result in reticular subcortical fractures or "bone bruising", referring to oedema and haemorrhage in the medullary bone. 9 The bone bruises appear principally in the region of the posterolateral tibial plateau and the anterolateral tibial rim, the latter being associated with osseous injuries sustained at the terminal sulcus on the lateral femoral condyle. 10 These changes, it is suggested, are in conformity with the findings of greatly increased concentrations of markers of cartilage matrix metabolism in joint fluid consequent upon the trauma. 11 The association between the initial site of bony trauma in the lateral compartment of patients with ACL rupture 9 10 and the later appearance of radiographic features of OA [1] [2] [3] [4] [5] [6] was evaluated using high definition macroradiography. 12 13 The advantages of magnification and high spatial resolution of this method permit the early detection of OA features. [14] [15] [16] [17] These studies have shown that bony features appear before cartilage narrowing and loss measured radiographically as joint space narrowing. 15 17 18 As post-traumatic OA has the advantage that the beginning of the disease process can be identified by the date of the injury, 7 quantitative macroradiography was used in this preliminary, cross sectional study to determine the sequence of appearance of the radiographic features relative to one another. In particular, which of the bony features-subchondral cortical plate thickness, subchondral trabecular sclerosis, and osteophytosis-occurred before or in association with changes in joint space width as a surrogate for articular cartilage thickness.
Patients and methods
After we had received Lewisham and North Southwark ethical committee approval, 19 patients (14 men), with mean age (95% confidence interval (CI)) 28.7 (23.6 to 33.8) years, and a mean (95% CI) time since injury of 34.3 (26.9 to 41.7) months, were recruited from those attending the outpatient clinic. The rupture of the ACL was the result of a sports injury in all but two, who sustained their injury in the home. Patients who had ACL rupture only in one knee, confirmed by arthroscopy, and who had elected for conservative treatment were selected. Patients were excluded if they had sustained injury to the meniscus or articular cartilage, or both, at the time of the index trauma. All patients attended the department of physiotherapy as outpatients on average 4.5 (range 1-12) months for treatment and eight patients used a knee brace or elasticated support during periods of increased activity. At the time of the radiographic examination, joint laxity was determined by the anterior draw test, obtained in the neutral position and with internal and external rotation respectively, by Lachman's test, and by pivot shift tests.
PREPARATION OF MACRORADIOGRAPHS
High definition posteroanterior macroradiographs 12 13 of both knees were taken at ×5 magnification in a standing, semiflexed view. 19 Radiographic magnification for computing the size of x ray features within the joint was determined by placing metal balls (diameter 2 mm) on the knee's anterior and posterior surfaces before radiography, and from measurements taken of the focus to knee and focus to film distance after radiography.
Standing semiflexed view
In the standing semiflexed view 19 the surface of the tibial plateau is horizontal with the joint positioned close to the normal anatomical standing position and to the region of major contact stresses in the tibiofemoral articulation. 20 The centre of the joint, defined by the joint space, was aligned with the centre of the x ray beam with the aid of a cross-optic laser. Fluoroscopy was used to study each knee, which was flexed until the tibial plateau was horizontal relative to the floor, parallel to the central x ray beam, and perpendicular to the x ray film, and the tibial spines were centrally placed relative to the femoral notch.
IMAGE ANALYSIS
The macroradiographs were digitised using a Lumisys 200HR laser scanner at a pixel size of 0.06 mm (after correcting for magnification), and the images were stored and analysed with a Sun Sparcstation, model 20/61 (Sun Microsystems Ltd) and programs written in C were used to measure JSW 15 21 and to calculate the fractal signature 22 23 for regions of interest in the images.
Joint space width measurement
For each knee image the minimum joint space width (JSW) in both the medial and lateral compartments was measured with an automated image analysis technique. 15 21 The position and size of the minimum JSW of each compartment was displayed on the computer screen and stored on disk for later analysis. The accuracy and reproducibility of the radiographic procedure and automatic method of JSW measurement and reproducibility of patient repositioning in the standing semiflexed view gave a coeYcient of variation for JSW measurement in the medial compartment of 1.2% and in the lateral compartment of 3.8%. 21 All assessments were carried out by one observer whose coeYcient of variation for repeat measures for the medial compartment was 0.6% and for the lateral compartment 3.6%. 21 
Measurement of subarticular cancellous bone
Fractal analysis is a robust method 24 25 which is independent of a range of factors that are susceptible to variation during routine radiographic procedures-that is, the eVect of radiographic magnification and projection geometry, 22 23 25 changes in object or patient position, [22] [23] [24] [25] [26] [27] [28] and variations in the sensitometric properties of radiographs such as film contrast and mean density.
22 23 25 Figure 1 shows the region of interest (size after correction for radiographic magnification 18 × 6 mm) selected within the digitised macroradiographs of the medial and lateral compartments of the tibia. Within this region of interest fractal signature analysis (FSA) was obtained separately for horizontal and vertical trabecular structures. 17 As tibial trabecular thickness and medullary space size is in general within 0.06 mm and 1.2 mm, 29 the fractal signature calculations were carried out on data ranging from 1 to 20 pixels, corresponding to a scale of image feature sizes from 0.06 mm to 1.2 mm. We assessed accuracy by determining the variations in measurements of FSA for horizontal and vertical structures from the macroradiograph of a tibia redigitised six times, and for test-retest reliability by digitising the macroradiographs of a postmortem tibia repositioned and reradiographed six times. The coeYcient of variation for test-retest for FSA measurements was 2.1%. 23 
Measurement of osteophytes and subchondral cortical plate thickness
Measurements were taken using a PC driven Kontron digitisation program (KS-100; Kontron Electronik GmbH, Eching, Germany) linked to a back-illuminated digitisation tablet. The measurements were carried out using a crosswire cursor. The thickness (in millimetres) of the subchondral cortex of the tibia was measured three times at the midpoint of each plateau and the readings averaged for the medial and lateral compartments respectively. The coeYcient of variation for this method for repeat linear measurements was 9.4%. 15 The number of osteophytes at the margins and at the tibial spines in the medial and lateral tibiofemoral compartments was counted and their area in square millimetres measured with the crosswire cursor. The coeYcient of variation for repeat osteophyte area measurements was 6.5%. 15 
DATA ANALYSIS
The mean and 95% confidence intervals were calculated for the minimum JSW, subchondral cortical thickness, and osteophyte area measurements in the medial and lateral compartments in the ACL ruptured and uninjured knees. The significance of any diVerence in these measurements in each compartment between the injured and uninjured knees was determined using Wilcoxon signed rank test. The diVerence in the fractal signature for horizontal and vertical structures respectively, between patients' injured and uninjured knees, in each tibiofemoral compartment was assessed for significance using multivariate analysis of variance with repeat measures. To examine the diVerence between the FSA of the ACL ruptured and contralateral uninjured knee for each patient, Wilcoxon signed rank test was used. For correlations between time since injury for each patient and each of the measured features Pearson's correlation coeYcient (R) was used. Mann-Whitney U test was used to determine the probability that duration since injury was related to osteophyte formation in the ACL knee and whether there was an association between osteophyte size and any changes in FSA of trabecular structures detected in the ACL ruptured knees. The method of Cummings and Black 30 was used to calculate the minimum interval change that could be measured with 95% confidence. The significance level for all statistical tests was set at p=0.05.
Results

PHYSICAL EXAMINATION
In the ACL ruptured knee the anterior draw test was positive in all patients with the joint in the neutral position, six patients had a marked anterior displacement. With the knee in external rotation the anterior draw test was positive in 15/19 patients, of whom four had a marked anterior displacement; with the joint in internal rotation the anterior draw test was positive in 11/19 patients, of whom three had a marked anterior displacement. Lachman's test was positive in 17/19 patients, of whom seven had a marked displacement. The pivot shift test was positive in 9/19 patients, unobtainable in three, and absent in the remaining patients. Joint laxity was confirmed by all three tests in seven patients and by two of the tests in the remaining 12 patients.
JOINT SPACE WIDTH
The JSW in the ACL ruptured knees was not statistically significantly diVerent from the contralateral (uninjured) knees in either the medial or lateral compartments (table 1) .
SUBCHONDRAL CORTICAL PLATE THICKNESS
There was no diVerence in the cortical plate thickness in the medial and lateral compartments of the ACL ruptured compared with the uninjured knee (table 1).
FSA OF HORIZONTAL TRABECULAR STRUCTURES
In the medial compartment the fractal signature values for horizontal trabecular structures were significantly lower in the ACL ruptured knees than in the uninjured knees (p<0.01, multivariate analysis of variance) (fig 2) . This result was confirmed by examining the diVerence between the FSA of the ACL ruptured and the contralateral (uninjured) knee for each patient. Compared with the contralateral knee, the ACL ruptured knee showed significantly lower FSA values (p<0.01) for horizontal trabeculae at ∼ 0.4 mm in size (fig 3) . In the lateral compartment the FSA results showed that there was no significant diVerence between the ACL ruptured and uninjured knees.
FSA OF VERTICAL TRABECULAR STRUCTURES
In both the medial and lateral compartments no statistically significant diVerence in the FSA values was detected, nor were any diVerences detected between the ACL ruptured and the uninjured knees.
TIME SINCE INJURY
The magnitude of the diVerence in FSA for horizontal trabeculae (at the dimension of 0.4 (fig 4) . In five patients for whom time since injury was greater than 40 months, the decrease in the FSA for horizontal trabeculae exceeded the reproducibility of FSA measurements (±0.05). 17 31 The shortest time from injury in which a statistically significant change in FSA was detected was four years (three (16%) cases). Neither the joint space width nor the subchondral cortical thickness in the medial and lateral compartments in the damaged knee was related to the time since injury.
OSTEOPHYTOSIS
Osteophytes were observed at the tibial margin and spines in the medial compartment only of the ACL ruptured knee. Nine of the 19 patients had osteophytes, two patients had a single osteophyte, four patients had two, two patients had three, and one patient had four osteophytes. The mean (95% CI) osteophyte size was 84.7 (133.6 to 35.8) mm 2 . Although not statistically significant, osteophyte number, but not area, tended to be greater in those patients who had had the injury longest. The mean (95% CI) for the time since injury in the patients with osteophytes in the medial compartment of their damaged knee was 39 (16.1 to 61.7) months compared with a time of 26 (16.0 to 35.8) months for the patients without osteophytes. No correlation was found between changes in the FSA for horizontal structures and either osteophyte number or size.
Discussion
High definition macroradiography of patients with post-traumatic injury to the knee of fairly short duration detected anatomical changes to the medial compartment of the injured joint consistent with the early stages of OA reported previously. 15 17 18 JSW measurement, as a surrogate measure for articular cartilage thickness, 14 showed no change compared with the contralateral (uninjured) knee, confirming that changes in cartilage thickness are characteristic of a later stage of the disease, associated with cartilage softening and its subsequent physical loss. 15 32 Nevertheless, changes in the cartilage would have been present because synovial fluid analyses obtained from ACL ruptured knees have shown that the injury results in a disruption of the normal biochemical processes in articular cartilage and that these precede changes in its physical appearance. 8 33 Within the subarticular region of the medial compartment of the tibia, the subchondral cortical plate thickness was found to be similar in both the injured and uninjured knees, whereas FSA of the tibial cancellous bone showed that the trabecular structure had altered in the medial compartment only in ACL ruptured knees. The decrease in the fractal signature for the horizontal structures is consistent with an increase in trabecular thickness. 17 31 The change in fractal signature reached statistical Time since injury (months) Difference in medial compartment FSA of horizontal structure 0 60 48 36 24 12 significance for structures at 0.4 mm in size about four years after injury in three (16%) cases. The increased thickness in horizontal trabeculae of this size was the same as that detected in patients with early stage medial compartment knee OA 17 31 using the same methods. No significant changes in cancellous bone were detected in the lateral compartment of the tibia in the injured knee. This again was consistent with that recorded in patients with OA with medial compartment disease. 17 31 The results described here diVer from those of our previous study of patients with early knee OA. 15 17 In OA knees 15 the medial compartment tibial subchondral cortical plate was thicker than in the reference non-arthritic group. This would suggest that there is coupling between cortical plate remodelling and early changes in cartilage thickness-an observation that is supported by results from both experimental animal work 34 and in human hand and knee OA. 15 18 35 In this study no diVerences in subchondral cortical plate thickness and JSW were found between the injured and uninjured knees, suggesting that within this group of patients with an injury of fairly short duration, changes in the articular cartilage or osteochondral junction, or both, had not progressed suYciently for them to be detected by high definition macroradiography.
In this group of young patients, osteophyte formation on the tibia occurred in the medial compartment only in about half of the injured knees. Although there was some variation, osteophytes tended to appear on the tibia of joints that had had the injury for three years or more. Thus in ACL ruptured knees it would seem that it takes about three to four years from the time of injury for changes in bony features of the medial compartment of the tibial to be detected radiographically. These findings suggest that thickening of the horizontal subchondral trabeculae and the appearance of osteophytes in the tibia are the earliest features, preceding subchondral cortical plate thickening and JSW narrowing. Although appearing at about the same time, no association was found between osteophytes and subchondral bony changes. Whether these features are interrelated remains a matter of speculation in view of the small number of cases. The earlier appearance of bony features, compared with those in cartilage and cortical plate, may be due to its blood supply permitting this tissue to respond to the altered status of the joint. Scintigraphic examination of these joints would help to confirm this suggestion, either from an enhanced isotope localisation detected at the blood pool phase (associated with an increased vascularisation in the subchondral bone) or by the increased isotope uptake at the sites of new bone formation, obtained from the late stage bone scan. Scintigraphy would confirm the presence of actively remodelling bone. 36 In OA joints, positive scintigraphic scans have identified the presence of growing osteophytes, 37 38 remodelling subchondral bone, 39 and assisted in predicting joints most likely to progress. 40 41 As in knees with early OA, 15 17 none of the above features was detected in the lateral tibial compartment of the ACL ruptured knees. However, the absence of any detectable changes in bone structure in this compartment of the injured knee must cast serious doubt on the part played by the initial insult to bone, detected on MRI. 9 10 Here, the detection of the trauma associated subcortical fractures in the medullary bone, to both the lateral femoral condyle and tibial plateau, 8 seem not to be associated with any subsequent cancellous bone changes detected radiographically. Indeed, the bone bruising incurred at the time of injury may be a transient event rather than an initiating factor in the onset of OA-like changes in the knee, as suggested elsewhere.
